Elicitor, Chitosan, Chitin. Pea, Phytoalexin
Introduction
Elicitors are signal m olecules which induce phy siological o r biochem ical responses associated w ith expression o f resistance (R yan, 1988; D arvill and A lbersheim , 1984; K obayashi et al., 1993) . O ligosaccharides derived from cell walls o f fungi act as elicitors. The elicitor-active oligosaccharides are th o u g h t to be liberated from the fungal cell wall by the action o f p lan t hydrolytic enzymes at the early stage o f plant-m icrobe interaction and to activate a bro ad spectrum o f defensive genes in p lan t tissues. P lants treated with elicitors elicit a wide variety o f defensive responses including the induction o f phytoalexins, hydrolytic enzymes such as chitinase, ß-glucanase, and oxidation en zymes responsible for lignin accum ulation and generation o f active oxygen species.
C hitin, ß-l,4-linked D-N -acetylglucosam inoglycan, is one o f a m ajo r com ponent o f the fungal cell wall. C hitosan, ß-l,4-linked-D -glucosam inoglycan, is generated by the enzym atic N -deacetylation o f chitin by chitin deacetylase in fungi. The polycationic polym er is also produced industrially by Reprint requests to Prof. A. 0 9 3 9 -5 0 7 5 /9 4 /0 5 0 0 -0 3 0 2 $ 03.00 © V erlag der Z eitschrift fü r N atu rfo rsch u n g , D-72072 T übingen therm ochem ical N -deacetylation o f chitin (M artin o u et al., 1993) . These tw o polysaccharides and their fragm ents have been reported to exhibit elici to r activities tow ards several plants (Pearce and R ide, 1982; H ira n o et al., 1990; Inui et al., 1991; Y am ad a et al., 1993; R en and W est, 1992; H adwiger and Beckm an, 1980; K en d ra and H adw iger, 1984; W alker-Sim m ons and R yan, 1984) .
As dem o n strated in the studies on the antim i crobial and a n titu m o r activities o f chitin, chitosan, and their oligom ers, their physiological potentiali ties were show n to have close correlation to their m olecular size and degree o f N -acetylation (Uchida, 1988; N ishim ura et al., 1984) . These factors m ight also provide significant effects on the plant m etabolism , p ro m pting us to investigate the rela tionship betw een stru ctu ral features o f chitinderived oligosaccharides an d their elicitor activi ties in pea plant.
C hitosan, n itrous acid-cleaved chitosan with D P ~ 4 th ro u g h D P > 6 , and H C l-cleaved chitosan were reported to be strong elicitors o f phytoalexin ( + )-pisatin in im m ature pea pods, while chitin and low -m olecular-w eight chitin oligom ers showed w eak o r no activities (H adw iger and Beckm an, 1980; K en d ra and H adw iger, 1984) . H ow ever, the relationships o f m olecular size, degree o f N -acet ylation o f the saccharides and their ( + )-pisatininducing activities have n o t been exam ined.
In this study, we investigated the ( + )-pisatininducing p o ten tiality o f several chitin and chitosan derivatives w ith different m olecular size and differ ent degree o f N -acety latio n in o u r pea epicotyl as say, and fo u n d th a t p artially N -deacetylated chitin derivatives are p o te n t elicitors for the induction o f ( + )-pisatin an d o th e r unidentified phenolic com p o u n d s (A kiyam a et al., 1993) .
Materials and Methods

Chemicals
C hitin w as p u rch ased from W ak o Pure C hem i cal Industries, L td. C hitosan (degree o f N -acet y lation 0 % ) w as o b tain ed from F unak o sh i Co., Ltd. F o r the large-scale p rep aratio n o f chitosan oligom ers by HC1 hydrolysis, chitosan was p ro v id ed by T okyo C hem ical Indu stry C o., Ltd.
(+ )-P isatin w as purified from m ethanol extract o f pea seedlings treated w ith 4 m M C uC l2 aqueous solution as rep o rted previously (K obayashi et al., 1993) .
Conditions fo r pla n t growth
Pea seeds (Pisum sativum cv. U S U I) obtained from T ak a y a m a Seed Co., Ltd. were surface steri lized by im m ersing in 70% E tO H for 5 m in, fol lowed by 5% H 2 0 2 for 30 min and subsequently the seeds were rinsed three tim es w ith sterile dis tilled w ater. Surface-sterilized seeds were tra n s ferred o n to a m edium containing 0.1 % M gC l2 and 0.2% G E L R IT E (SA N -E I, O saka) in test tubes 
Chitosan oligomers prepared by H C l hydrolysis and partial N-acetylation o f the oligomers
C hitosan (25 g, T okyo Chem ical In d ustry Co., L td.) was hydrolyzed in 250 ml o f 4 N-HC1 at 65 °C for 12 h. A fter hydrolysis, the insoluble-residue w as rem oved by filtration and the filtrate was co ncentrated to dryness in vacuo. The dried sam ple was dissolved in H 20 and decolourized once with activated charcoal. The solution was again diluted w ith H 20 to 200 ml in the to tal volum e. T o the so lution, 800 ml o f acetone w as added, the resulting precipitate was collected by centrifugation, then freeze-dried after dissolved in a H C l-acidic solu tion. P recipitation o f the chitosan hydrolysate w ith 80% aceto n e-H 20 prom ised to enhance the ratio o f chitosan oligom ers w ith D P 5 ~ 7. The oli gom ers, p entam er th ro u g h heptam er, have been reported to be elicitor-active com ponents from H Cl-cleaved chitosan (K en d ra an d H adw iger, 1984; W alker-Sim m ons an d R yan, 1984).
The chitosan oligom ers were partially N -acetylated according to the m ethod for selective N -acetylation (B arker et al., 1958) . O ne-hundred m illigram chitosan oligom ers were dissolved in 3 ml H 20 an d m ixed w ith 2.5 ml M eO H , 1 ml Bio-R ad A G 1 -X 8 (H C O 3 -form ), and 15, 30, 100 pi 
D etermination o f degree o f N-acetylation o f D A C s and N -acetylated chitosan oligomers by 1H N M R spectroscopy
Elicitor bioassay
Test m aterials in glass tubes ( 0 18 x 150 m m ) were dissolved or suspended in 1 ml o f distilled w a ter and sterilized by autoclaving for 5 m in. Fivem m sections o f epicotyls o f 1 0 -day-old pea seed lings grow n under an aseptic condition w ere p re pared and transferred into the test tubes. T he test tubes were incubated in the d ark at 24 °C on a ro ta t ing cultivator (2 rpm ). A fter 72 h in cu b atio n , the sections were weighed and returned in to the origi nal tubes. Each tube was filled w ith 5 m l o f M eO H and then subjected to sonication for 10 m in. A fter filtration the filtrate was evaporated to dryness and the residue was dissolved in 500 (il o f M eO H , and the aliquot (50 |il) subjected to H P L C . H P L C analysis was carried out on a Inertsil O D S colum n ( 0 4.6 x 250 mm, 5 ^m , G L Sciences) a t a flow rate o f 0.8 m l/m in. The elution was perform ed in a gradient system w ith tw o solvents (solvent A: 3% acetic acid in 30% M e 0 H /H 2 0 , solvent B: 3% acetic acid in 90% M e 0 H /H 2 0 ) . The g radient was achieved w ithin 35 m in. The colum n was washed for 10 m in w ith solvent B an d followed by a 15 m in reeq u ilib ratio n w ith solvent A. A bsorbance at 285 nm was m onitored. R etention time for (+ )-p isa tin u n d e r this conditions was 36.1 min. F o r qu an tificatio n o f ( + )-pisatin, the ( + )-pisatin content w as d eterm ined from the peak area o f the sam ple w ith reference to the calibration o f a u th en tic ( + )-pisatin.
Results
Characteristics o f the elicitor bioassay
W e found it essential for the reproducibility o f the epicotyl elicitor assay th a t the grow th o f pea seedlings a n d the in cu b atio n o f elicitor-treated epi cotyl sections were carried o u t u nder an aseptic condition in o rd e r to avoid the co n tam in atio n o f environm ental m icrobes. The tim e course for (+ )-p isatin in d u ctio n after treatm en t o f the pea epicotyl sections w ith elicitor was determ ined (Fig. 2) . T he experim ental conditions were the sam e as those described fo r the elicitor bioassay in " M aterials an d M eth o d s" except th a t various elicitor-exposure tim es were em ployed. A N a N 0 2 -degraded chito san ( 1 0 0 |ig/m l) was used as the elici tor. ( + )-Pisatin w as induced a t significantly elevat ed levels at 24 h after the elicitor-treatm ent, and reached a m axim um a t 48 h. Brow ning at the su r face o f the epicotyl cross-sections treated w ith the elicitor w as first observed at 24 h and gradually in tensified w ith the passage o f incubation time. treatm en t w ith the elicitor. In ad d itio n to (+)-pisatin, several unidentified phenolic com pounds were also induced by the elicitor-treatm ent. A small am o u n t o f ( + )-pisatin w as induced in the control, p ro bably owing to the w ound stress afforded by p reparing the epicotyl sections. T herefore, we eval uated the net ( + )-pisatin content induced upon elicitor treatm en t as the value afforded by sub tracting the am o u n t o f ( + )-pisatin in the control from th a t in the elicitor-treated sections.
( + )-Pisatin-inducing activities o f chitosan, D AC s, and chitin
C hitosan (degree o f N -acetylation 0% ) and their partially N -deacetylated p re p a ra tio n (D A C 32% : degree o f N -acetylation 32% , D A C 56% : degree o f N -acetylation 56% ), o r fully N -acetylated p re p ara tio n (chitin) were tested for their ( + )-pisatin-inducing activities in 2 and 4 m g/m l suspensions (Fig. 4) .
A m ong these sam ples, b o th D A C s showed stro n g activities fo r (+ )-p isatin induction. The D A C 56% w ith a higher degree o f N -acetylation was m ore active th a n D A C 32% , especially at the low er concentration. Suspensions o f chitosan show ed weak in d u ctio n in this assay. T heir activi ties were nearly as m uch as those o f chitin. The D A C s caused severe brow ning a t the cross-sections o f epicotyl fragm ents at b o th co ncentrations, while neither chito san n o r chitin caused brow ning. 
( + )-Pisatin-inducing activities o f N a N O 2-degraded chitosan and D A C s
T he chitosan (degree o f N -acetylation 0% ), D A C 32% , and D A C 56% were degraded by a trace o f N a N 0 2 to interm ediate-sized saccharides (V arum et al., 1991) , and the N a N 0 2-degraded sam ples were served for the evalu atio n o f their ( + )-pisatin-inducing activities a t co n cen trations ranging from 7.8 to 250 |ig/m l (Fig. 5-A) .
T he w ater-soluble N a N 0 2-degraded chitosan exhibited a pron o u n ced activity in ( + )-pisatin in d uction, though the native w ater-insoluble ch ito san polym er was a w eak elicitor. T he ( + )-pisatin content in the elicitor-treated epicotyls significant ly increased w ith elevating concentration. Severe brow ning at the cross-sections was observed at the concentrations o f 62.5, 125, and 250 (ig/ml.
The N a N 0 2-degraded D A C 56% show ed a m oderate activity. A gradual increase in the ( + )-pisatin content was observed as the c o n ce n tra tion was elevated, and the carb o h y d rate w as less ac tive th an the N a N 0 2-degraded chitosan at high concentrations. The N a N 0 2-degraded D A C also caused brow ning in epicotyl segm ents a t 250 Hg/ml.
A t low concentrations the N a N 0 2-degraded D A C 32% induced only a sm all a m o u n t o f ( + )-pisatin and was nearly as active as the N a N O r degraded D A C 56% at high co n centrations where severe brow ning was seen at the cross-section.
( + ) -Pisatin-inducing activities o f chitosan oligomers with different degrees o f N -acetylation
C h itosan oligom ers containing m onom er th ro u g h n o n am er an d their 37, 6 6 and 91% N -acetylated derivatives were tested at concentra tions ranging from 7.8 to 250 ng/m l (Fig. 5-B) .
T he chito san oligom ers induced a m oderate am o u n t o f (+ )-p isa tin (50 |ig/g fr. w t.) at the con cen tratio n s o f 31.3 and 62.5 (ig/ml. The 33% N -acetylated derivative showed a m oderate activi ty even a t higher co ncentrations (125, 250 ng/ml) th a n the native oligom ers. The 6 6 % N -acetylated derivative w as to tally inactive. The 91% N -acetylated derivative showed m uch the same activity as the 37% N -acetylated derivative at 125 |ig/m l. A t the co ncentrations w here a m oder ate a m o u n t o f (+ )-p isa tin was induced, brow ning was observed a t the cross-sections.
Discussions
O ligosaccharide fragm ents derived from the fungal cell wall polym ers such as chitin and ß-glucan have been show n to be p o ten t inducers o f defensive responses in plants (R yan, 1988; D arvill and A lbersheim , 1984; K obayashi et al., 1993) . (Y oung et al., 1982) . In pea pods, chitosaninduced defense responses were n o t correlated w ith m em brane leakage (K en d ra and H adw iger, 1987). As seen in b oth sparingly w ater-soluble polym ers and N a N 0 2-degraded interm ediate sized fragm ents, there were no linear correlation between the degree o f N -acetylation, i.e. the nu m ber o f am ino groups and the ( + )-pisatin-inducing activity. This suggests th a t a certain length o f sug a r chain w ith specific d istrib u tio n s o f the cationic residues is required for expression o f ( + )-pisatininducing activity.
In the pea epicotyl assay, treatm en t o f the sec tions w ith the po ten t inducers o f (+ )-pisatin caused severe brow ning a t the cut-surface o f the epicotyls as well as induction o f several unidenti fied phenolic com pounds besides ( + )-pisatin. The m odified chitosan could activate oxidation or polym erization enzymes w hich lignify the cut-surfaces and induce antim icrobial phenolics (K o b a yashi et al., 1994) . Such p lan t responses m ay play a significant role in chem ical defense systems o f Pisum sativum. A ttem p ts to identify the newly in duced com pounds by the elicitors and to exam ine their biological activities are in progress.
Elicitor-active fragm ents o f chitosan and p artial ly N -deacetylated chitin are pro b ab ly generated by the com bined action o f the hydrolytic enzymes such as chitinase, chitin deacetylase, an d chitosanase (R yan, 1988) . The presence o f chitinase and chitosanase in the pea p o d tissue has been rep o rt ed, while there is so far no rep o rt on chitin de acetylase in this plant (N ichols et al., 1980) . H ow ever, the glucosam ine co n ten t o f Fusarium solani f. sp. phaseoli dram atically increased w ithin 2 h after the fungus contacted p lan t tissues, suggesting th at the induction o f chitin deacetylase could be closely related to the occurrence o f the m odified chitosan, and consequently antim icrobial phenolics accu m ulate (H adw iger an d Beckm an, 1980) .
In o u r prelim inary investigation ab o u t the ( + )-pisatin-inducing effect o f N -acetylated sugar (m onom er th ro u g h hexam er) newly prepared, it was found th a t the partially N -acetylated chitosan hexam er with low degree o f N -acetylation induced a m oderate am o u n t o f ( + )-pisatin (40 |ig/g fr. wt.) at m uch lower co n cen tratio n s (9.4 (ig/ml) th a n the corresponding native oligom ers. These facts sug gest th a t p artially N -acetylated chitosan hexam er plays an im p o rtan t role in the defense by ( + )-pisatin induction at the early stage o f p lant-m icrobe in teraction. F u rth e r investigation a b o u t the stru c tu ral features o f the m ost p o ten tial elicitor-entity am ong the m odified oligochitosans is currently und erw ay .
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